Global climate change is predicted to significantly modify patterns of precipitation, making it critical to develop a better understanding of how this will modify biotic interactions. Short-term to decadal-scale weather patterns can impact grasshopper population dynamics, but drought impacts on grasshoppers have rarely been studied in manipulative experiments. A cage experiment was conducted in eastern Montana to examine the impact of intra-and interspecific competition and precipitation manipulation treatments on performance of a common melanopline grasshopper Phoetaliotes nebrascensis (Thomas). High-density and drought treatments had similarly strong negative impacts on food availability. Proportional grasshopper survival did not differ significantly by treatment, but density dependence was evident in both body size and reproductive traits. The impact of precipitation and density treatments on grasshopper body size and reproduction were typically similar in magnitude and much larger than interspecific competition, with the exception of male femur length. Even with high late summer precipitation, drought had strong effects on individual body size and future reproduction. This study provides valuable information on population dynamics of an abundant grasshopper, with moderate precipitation reductions negatively affecting reproduction and body size. No positive impacts of drought as predicted by the plant stress hypothesis were observed. The study reinforces the need to examine drought manipulations to better predict grasshopper population changes due to changing climate conditions.
Global climate change is predicted to significantly modify patterns of precipitation and lead to increased variation in drought stress (Easterling et al. 2000 , Drake 2005 , Knapp et al. 2008 , Dai 2011 . Water availability is the most frequent limiting factor in rangeland (Lauenroth 1979) , with drought a frequent occurrence (Gibson 2009 ). Grassland droughts are expected to strongly impact insect herbivores, but little manipulative field research has occurred (Staley et al. 2007 , Lenhart et al. 2015 . Severe and prolonged droughts can lead to mortality of both plants and insects (Gibson 2009 , Lenhart et al. 2015 , but the plant stress hypothesis predicts moderate drought stress could positively impact food quality for insect herbivores (Mattson and Haack 1987, Joern and Mole 2005) . Evidence for this hypothesis in grasslands is lacking (Joern and Mole 2005, Behmer and Joern 2012) .
Grasshoppers frequently reach outbreak densities that can cause economic damage to the livestock grazing industry (Hewitt and Onsager 1983 , Belovsky 2000 , Branson et al. 2006 , Branson and Haferkamp 2014 . A broad synthetic understanding of the relative importance of climatic, top down, and bottom up effects on grasshopper population dynamics in western North America remains elusive, with ecosystem differences apparent (Joern 2000 , Branson et al. 2006 , Joern and Laws 2013 ). Short-term to decadal-scale weather patterns can impact grasshopper population dynamics (Jonas and Joern 2007 , Powell et al. 2007 , Branson 2008a , Jonas et al. 2015 and alter species interactions (Ovadia and Schmitz 2004) . In addition, extreme weather events can have large impacts on population dynamics (Branson 2008a) . Drought impacts focused on grasshopper population dynamics have been under examined (Joern 2000 , Lenhart et al. 2015 .
When grasshoppers reach high densities, exploitative resource competition is often an important influence on population dynamics in western N.A., particularly in semiarid grasslands (Branson 2003 , Joern and Klucas 1993 , Belovsky and Slade 1995 , Branson and Haferkamp 2014 . Given the numerous grasshopper species present at a given rangeland site, combined with varying diet preferences, both intra-and interspecific competition can be important (Chase 1996 , Joern 2000 , Behmer and Joern 2008 . Competitive effects can be evident on survival, delayed development, or reduced reproduction (Belovsky and Slade 1995 , Joern and Klucas 1993 , Branson 2003 .
It is critical to develop a better understanding of how climate change will modify biotic interactions, in order to allow more accurate climate change predictions and models to be developed (Van der Putten et al. 2010 , Laws and Joern 2015 , Lenhart et al. 2015 . A manipulative cage experiment was conducted to examine the impact of intra-and interspecific competition and precipitation manipulation treatments on performance of a common melanopline grasshopper Phoetaliotes nebrascensis (Thomas). The experiment was conducted to examine if drought effects on plant quality and abundance could explain fluctuations in P. nebrascensis populations over time. Phoetaliotes nebrascensis populations had increased to outbreak levels over several years at many sites in eastern Montana and western North Dakota prior to this study, when warm late summers and moisture reduced late summer grass senescence (D. H. B., unpublished data) . Manipulating precipitation allowed simultaneous examination of weather conditions that would otherwise require longer term research.
Materials and Methods
The study was conducted at a highly grass dominated northern mixed-prairie site in eastern Montana (47 46 0 4.75 00 N, 104 8 0 47.50 00 W). Vegetation was dominated by the graminoids western wheatgrass (Pascopyrum smithii), blue grama (Bouteloua gracilis), and threadleaf sedge (Carex filifolia). Peak grasshopper density was 17.5 per m 2 in mid-July, with densities dropping to 5.5 per m 2 by the end of August. Two species of spurthroated melanopline grasshoppers were used in the experiment. The large-headed grasshopper, P. nebrascensis, was the dominant grasshopper species at the site. It is a late hatching species that largely feeds on grasses and was assumed to rarely outbreak in the northern Great Plains, but has been documented to reach outbreak densities (Pfadt 2002 , Branson 2008a , Branson and Haferkamp 2014 . The migratory grasshopper, Melanoplus sanguinipes (F.), was a subdominant species at the site, but is frequently the dominant species in outbreaks in the western United States (Pfadt 2002) . Female body size is relatively similar, while male P. nebrascensis are significantly smaller than M. sanguinipes (Pfadt 2002) .
Cage sites with visually similar vegetation were selected and randomly assigned to treatments. Treatments consisted of "high" and "low" densities of P. nebrascensis, combined with intraspecific or interspecific competition treatments and drought or enhanced precipitation treatments. In intraspecific competition treatments, initial densities were 54 and 20 per cage. In interspecific competition treatments, high-density cages had 27 of both P. nebrascensis and M. sanguinipes, while low-density cages had 10 of each species. There were 8 replicate cages per treatment. Four replicate vegetation control cages without grasshoppers were established for the drought and nondrought treatments. As drought frames were limited, competitive effects of P. nebrascensis on M. sanguinipes were not examined.
Drought frames were installed from May 5th to May 12th, with an equal number of troughs installed on frames over time. Passive drought frames were used to reduce precipitation following Yahdjian and Sala (2002) and Gherardi and Sala (2013) . Drought frames were 1.5 m by 1.5 m with v-shaped troughs $11.2 cm wide covering 50% of the surface and were elevated above cages. Troughs were made from UV transparent acrylic with >93% light transmission to minimize effects of UV light filtration on plantherbivore interactions (Ballaré et al. 2011) . Precipitation treatments were drought (46% reduction) and ambient with addition. An a priori decision was made to add water to the ambient treatment when rainfall at the site was much lower than the long-term average. This led to water additions in the ambient treatment during the first 3 weeks of July, but no further additions after significant rain fell near the end of July (Table 1) . As a result of the water addition, total July precipitation in the ambient treatment was above the long-term average. Precipitation during August was 314% higher than the long-term average at a nearby weather station (Table 1) . Insect cages, 1 m 2 in size, were constructed of Lumite insect screening with polyester flaps around the base. The cages were placed over a PVC pipe frame centered under the drought frame, fastened to the ground with spikes, and sandbags placed on the flaps. Grasshoppers were caught at the site with sweep nets and held overnight in a cool room. Cages were stocked with third-instar nymphal P. nebrascensis and M. sanguinipes on July 8, 2014. Although P. nebrascensis nymphs are usually at an earlier developmental stage than M. sanguinipes due to their later hatching phenology, development was similar in 2014. Cages were counted and restocked on July 11th to account for catching and handling mortality.
Grasshoppers inside cages were counted on average once a week until insects were removed on September 5th. To examine treatment impacts on vegetative biomass, 0.25-m 2 rectangular vegetation plots were clipped in each cage following removal of grasshoppers. Current year's vegetation was separated by grasses and forbs, dried, weighed, and ground. The percentage nitrogen content of grass samples was assessed using a dry combustion C/N analyzer, as an index of host plant quality. Forb biomass at the end of the experiment averaged only 2.4% of total biomass across treatments, but was statistically analyzed, as M. sanguinipes is a mixed feeding species. To determine how the precipitation manipulation treatment affected vegetation during the experiment, 0.1-m 2 rings were clipped in control cages on July 17 and August 12.
Grasshopper ovaries consist of a series of ovarian follicles, which are often not all developing (Bellinger et al. 1987 , Joern and Gaines 1990 , Branson 2003 . Functional, or developing, ovarioles are an indication of egg pod size and are correlated with reproduction (Branson 2003) . Femur length was used to assess structural body size (Branson 2008b) . The combined number of M. sanguinipes and P. nebrascensis alive in the final cage census was used to examine competition treatment differences in survival. Grass biomass per m 2 was multiplied by the percentage nitrogen content, used as a measure of food quality, and divided by average grasshopper survival through the experiment to generate a measure of per capita food availability (Branson 2003) . ANOVA models were used to examine precipitation, density, and competition treatment effects on grass and forb biomass, grass percent nitrogen content, per capita food availability, proportional grasshopper survival, number surviving, male and female femur length, and the proportion of functional ovarioles. As females are larger than males, femur length was analyzed separately by sex. Control treatments without grasshoppers were not included in the main analyses of per capita food availability and forb biomass, but were analyzed in an ANOVA excluding the competition treatment. Pairwise differences were assessed with Tukey's HSD. Systat 13 was used for analyses.
Results

Vegetation
Precipitation reduction and high-density treatments resulted in lower per capita food availability, which combined grass biomass and nitrogen content, as well as grass biomass by the end of the experiment (Table 2A ; Fig. 1A and C). A significant interaction between precipitation manipulation and density resulted from larger differences in food availability between drought and ambient treatments in the low-density treatment when compared to the high-density treatment (Table 1A ; Fig. 1A ). The three-way precipitation by density by competition interaction resulted from inconsistent effects of competition on per capita food availability when comparing drought and ambient treatments across high-and low-density treatments ( Fig. 1A) . Forb biomass was lower in high-density and interspecific competition treatments, but was not affected by precipitation manipulation (Table 1B ; Fig. 1B ). Grass biomass was higher in vegetation control cages where grasshoppers were excluded than in the intraspecific competition high-density treatments (Table 2C ; Fig. 1C ). However, a significant interaction resulted from higher grass biomass in the vegetation control treatment when compared to both intraspecific density treatments with drought, while control treatment biomass was only significantly higher than the high-density ambient treatment (Table 2C ; Fig. 1C ). Grass nitrogen content was higher in the control treatment than the high-density intraspecific treatment, but did not differ with precipitation manipulation (Table 2D ). Larger effects of drought were apparent during the first part of the experiment, as grass biomass from vegetation clips in control cages was significantly lower with drought on July 17 (t-test: t ¼ 2.50, P ¼ 0.03) but not on August 12 (t-test: t ¼ 0.93, P ¼ 0.38; Fig. 2 ).
Grasshopper Performance
Proportional survival of P. nebrascensis did not differ significantly by treatment in late July, just before significant rainfall occurred, or at the end of the experiment (Tables 3A and B ). Final combined densities of P. nebrascensis and M. sanguinipes in high-and low-density treatments did not converge to a similar level by the end of the experiment (Table 3C ). Final combined densities were lower in the interspecific treatment compared to the intraspecific treatment (Table  3D ; Fig. 3 ). This resulted from lower proportional survival of M. sanguinipes than P. nebrascensis in interspecific treatments, particularly in the high-density treatment when an interaction between competition and density was evident (Table 3D ). Final density of M. sanguinipes in the drought high-density treatment averaged 5.8 compared to 10.8 in the ambient high-density treatment. By contrast densities of P. nebrascensis in high-density interspecific treatments averaged 17.8 and 18.0 individuals in drought and ambient treatments. Smaller density differences existed in the low-density treatments, with a low of 5.7 M. sanguinipes and a high of 7.3 P. nebrascensis per cage, both in the ambient treatment. Both density and precipitation treatments affected body size and future reproduction (Table 4 ). Female femur length was not significantly affected by species composition in the competition treatment, but was shorter in the high-density and drought treatments (Table 4A ; Fig. 4A ). The proportion of ovarian follicles that were functional, or developing, was higher in both low-density and ambient precipitation treatments (Table 4B ; Fig. 4B ). Male femur length was shorter in high density, drought, and intraspecific competition treatments (Table 4C ; Fig. 4C ). There were no significant treatment interactions on male or female femur length or functional ovarian follicles (Table 4) , but additive effects of density and drought were apparent on female fitness and male body size.
Discussion
Climate change models predict increased variability in rainfall patterns and more frequent extreme events (Drake 2005 , Knapp et al. 2008 ), which will affect insect performance (Jonas et al. 2015) . In this study, conditions during the first 3.5 wk of July were much drier than the long-term average, while rainfall in August was greater than 300% of the long-term average. Strong impacts of the drought treatment were evident on grass biomass in mid-July in control cages, but biomass differences between drought and ambient treatments declined by mid-August. Thus, the high level of rainfall during the second half of the experiment led to smaller grass biomass differences within precipitation and density treatments. Despite the above average rain, precipitation manipulation, density, and the interactions between precipitation manipulation and density, as well as between precipitation manipulation, density, and competition, all significantly affected per capita food availability at the end of the experiment. Due to higher rates of herbivory, smaller relative effects of herbivory were evident between drought and ambient treatments at the end of the experiment in high-density treatments. A three-way interaction was evident, as the effects of competition when comparing drought and ambient treatments were not consistent in highand low-density treatments. The interaction could result from random variation or from reduced grass feeding by the mixed feeder M. sanguinipes in the ambient treatment if forbs were available. Per capita food availability was higher in the ambient high-density interspecific competition treatment than with intraspecific competition, likely resulting from lower survival of M. sanguinipes. It is possible that grasshopper diversity could moderate density impacts through altered competitive relationships. High grasshopper density negatively affected nitrogen content of grasses, as often found with higher levels of grasshopper herbivory in northern mixed prairie, due to removal of higher quality plant material (Branson and Haferkamp 2014) . Density dependence was evident in both body size and future reproduction. Both male and female femur lengths were significantly shorter in the high-density treatment. Adult femur length is assumed to reflect nymphal developmental conditions (Wall and Begon 1987 , Danner and Joern 2004 , Branson 2008b , but can at times also be correlated with adult reproduction (Branson 2008b) . Density dependence in the proportion of functional ovarioles was also evident, indicating food limited density dependence due to exploitative competition (Branson 2003) . Density dependence in survival was not evident with an initial density of 54 per m 2 , similar to the findings of Branson (2003) in a more productive Palouse prairie system. As found previously with P. nebrascensis, reproduction was more sensitive to food limitation than adult mortality (Branson 2008a) . In a study when food availability was highly limiting, strong density dependence in both survival and future reproduction was evident in P. nebrascensis (Branson and Haferkamp 2014) .
The effects of intra-and interspecific competition on female body size and functional ovarioles were similar, indicating asymmetric species competitive effects were not evident. In a study with two grasshopper species, Joern and Klucas (1993) found asymmetric Fig. 1 . Vegetation results by treatment, including control cages without grasshoppers for (A) per capita food availability remaining at the end of the experiment (g dry grass per m 2 scaled by average survival) for treatments where grasshoppers were present, and (B) forb biomass (g dry per m 2 ) by treatment for all treatments where grasshoppers were present. ANOVA results for (C) grass biomass comparing vegetation control cages with intraspecific treatments. Density þ and Density -refer to high and low grasshopper density treatments, while Inter and Intra refer to interspecific vs. interspecific competition treatments. competitive effects with stronger intra-than interspecific competition. By contrast, male P. nebrascensis developed to a larger body size in interspecific competition treatments. Males develop faster to adults than females, so the longer femur lengths only with males in the interspecific treatments could have resulted from shifts in food availability associated with the late summer rains or from other factors. Proportional survival of P. nebrascensis was not differentially affected by interspecific or intraspecific competition, while final combined density was lower in interspecific competition treatments indicating that M. sanguinipes mortality during the experiment was higher than P. nebrascensis mortality. As M. sanguinipes densities declined throughout the study, the effects of reduced densities in interspecific treatments were likely smaller than indicated by final densities. Forbs averaged <1% of total biomass when M. sanguinipes was present, and M. sanguinipes performance is typically enhanced with a mixed diet of grasses and forbs (Pfadt 2002) . The significant species by density interaction in the interspecific treatment on proportional survival could have resulted from limited per capita forb availability more strongly reducing M. sanguinipes survival in high-density treatments. The experiment was limited to a one-way examination of competitive effects, so it is unknown if P. nebrascensis had stronger directional effects on M. sanguinipes. Behmer and Joern (2008) found closely related melanopline species had species-specific nutritional niches even when eating the same foods, but did not examine P. nebrascensis. Chase (1996) examined competitive interactions between M. sanguinipes and a grass feeder Arphia pseudonietana (Thomas) and found stronger directional effects of the grass feeding species on M. sanguinipes. The insignificant survival and reproductive results, combined with larger male body size, provided no indication of stronger directional interspecific competition.
The drought treatment was effective in reducing grass biomass despite the above average late summer precipitation and consequently strongly affected individual traits of grasshoppers. In the Table 3 . ANOVA results for (A) proportional grasshopper survival at the end of July, (B) proportional survival at the end of the experiment, (C) total combined number of P. nebrascensis and M. sanguinipes surviving to the end of the experiment, and (D) species-specific survival in interspecific competition treatments northern Great Plains, peak grass biomass and nitrogen content usually occur no later than mid-July and then decline (Heitschmidt and Vermeire 2005, Haferkamp et al. 2005) . The late season rains likely maintained vegetation quality, as found by Branson (2008a) , but had smaller impacts on biomass due to the precipitation timing. The drought impacts on grass biomass in control cages in mid-July indicate food availability differences existed for developing nymphs between precipitation treatments, but the drought treatment did not lead to the extremely strong reductions in grass biomass or quality needed to impact adult survival through food limitation (Branson 2003) . The shorter femur lengths in the drought treatment provide further evidence that the drought treatment reduced food availability for developing nymphs. The proportion of functional ovarioles was also lower with drought, indicative of reduced food availability (Branson 2003 (Branson , 2008a . The impact of precipitation and competition treatments would differ under more typical late summer conditions. August rain was >300% of the long-term average, and as a result, drought treatment precipitation was >150% of the long-term average. As large drought treatment impacts were evident on grass biomass in mid-July, the effects of drought and density treatments with an initial density of 54 grasshoppers per m 2 on survival and reproduction would likely be stronger in other years. Senescence of grasses often occurs by late summer in the northern Great Plains. As nitrogen was not affected by the drought treatment, stronger drought might be required to modify food quality. Although there was no indication that the drought treatment led to positive impacts on herbivores as predicted by the plant stress hypothesis, plants in the drought treatment received above average precipitation during August. As a result, the experiment was not well suited to examine the hypothesis Joern 2012, Lenhart et al. 2015) . No previous work had examined reproduction in relation to manipulated drought, with our results showing only negative effects of drought on performance. The results point to the need for additional research covering a wider precipitation gradient.
An impetus for the study was the observation that densities of the late hatching P. nebrascensis had increased over a several year period associated with warm late summer temperatures and delayed grass senescence. Phoetaliotes nebrascensis has historically not been considered as an outbreak species in northern mixed prairie (Pfadt 2002) , although there is little understanding of its population dynamics. It has been found to reach outbreak densities at multiple sites in the region of study, with densities as high as $100 per m 2 (Branson unpublished data, Branson and Haferkamp 2014) . These results indicate that drought can have strong negative influences on populations of P. nebrascensis. As the drought treatment reduced reproduction even when late summer precipitation in the drought treatment was near the long-term average, the results help explain the relatively rare frequency of P. nebrascensis outbreaks in the northern great plains, where late summer conditions are typically dry and grass senescence in late July or August is common. Early summer rains may be an important driver of plant biomass, while late summer rain may maintain food quality. Based on this study, both are likely important factors for P. nebrascensis population increases.
High-density and drought treatments had similarly strong impacts on grass biomass and per capita food availability, although lower grass nitrogen content occurred in the high-density treatment while the drought treatment did not vary significantly. The impact of precipitation and density treatments on grasshopper body size and reproduction were typically similar in magnitude and much larger than interspecific competition, with the exception of male femur length. Additive effects of density and precipitation on female femur length and reproduction were apparent, indicating that female fitness was lower in the high-density treatment and the effect was more pronounced under drought conditions. As also found by Branson (2003) in a study where relatively small plant biomass reductions occurred with increasing density and did not affect survival, future reproduction was reduced by food limitation in high-density and drought treatments. Even with high late summer precipitation, drought manipulation had strong effects on individual body size and future reproduction. Van der Putten (2010) argued that altered biotic interactions associated with climate change will lead to large changes in population densities, with climate change impacts on grasshopper predator-prey interactions shown to be important (Laws and Joern 2015) . This study provides valuable information on population dynamics of an abundant grasshopper, with moderate early summer drought negatively affecting reproduction and body size. Accurately predicting grasshopper outbreaks is important, as grasshoppers are often the dominant grassland herbivore and outbreaks lead to large-scale chemical control (Branson et al. 2006 , Jonas et al 2015 . The study reinforces the need to experimentally examine drought timing and intensity to better predict grasshopper population changes resulting from changing climate conditions.
